Abstract. As a key molecule involved in cell recognition, calreticulin (CRT) may be expressed on the surface of (pre-) apoptotic cells and provide the signal that is recognized by dendritic cells (DCs) or other antigen presenting cells (APCs), which results in phagocytosis. Within the APCs, tumor-associated antigens (TAAs) may be subsequently presented to T lymphocytes, which triggers a specific antitumor immune response. It has been hypothesized that CRT is able to act as the immunologic adjuvant and translocate itself and TAAs to the cell surface and induce a specific antitumor immune response. In the present study, CRT was demonstrated to translocate itself and mucin 1 (MUC1), a breast cancer antigen, to the surface of 4T1 cells and the MUC1-CRT-coated cells were able to induce apoptosis in a time-dependent manner. When DCs were infected with adenovirus containing MUC1-CRT, an increase in T cell proliferation and cytokine production was exhibited. These results suggest that CRT may act as an immunologic adjuvant with MUC1 and induce a strong immune response.
Introduction
Surgical resection, combination chemotherapy and radiotherapy have been acknowledged to improve patient prognosis as the multimodal treatment for advanced cancer (1, 2) . However, overall survival has remained low in advanced cancer and is a challenging obstruction to overcome (3) . Globally, various clinical trials have investigated the associations between tumor and host immune responses induced by immunotherapy (4, 5) . Previous results have suggested that immunotherapy has indicated potent antitumor activity in melanoma, non-small cell lung cancer and other tumors (6) . Given its superior efficacy and innovation, tumor immunotherapy was named as the most important scientific breakthrough by Science magazine in 2013 and is expected to become the 'big bang' in cancer treatment, in comparison with surgery, chemotherapy, radiation therapy and targeted therapy (7) .
One important factor of tumor generation is that mutated tumor cells are able to escape from immunological surveillance by lowering the expression of membrane marker molecules, which have an essential role in the process of cell recognition and phagocytosis (8, 9) . Restoring or stimulating the immune response of the body against cancer has been expected to result in effective tumor prevention and treatment. Numerous studies have demonstrated that, with the exception of causing apoptosis, when tumor cells were treated with chemotherapeutic agents (including anthracyclines and platinum compounds), cancer cells are able to release ATP and high mobility group box 1 protein, causing an antitumor immune response via the process known as tumor immunogenic apoptosis (10) (11) (12) . Previous results have indicated that calreticulin (CRT), an antigen-presenting component, is a key molecule involved in antigen recognition during cancer chemotherapy (13) . In 2007, Obeid et al (14) discovered that when murine colon carcinoma CT-26 cells were treated with the antitumor agent, anthracycline, this caused translocation of CRT from the endoplasmic reticulum (ER) to the cell surface, thereby acting as a phagocytic signal for dendritic cells (DCs).
CRT is a highly conserved 60-kDa Ca 2+ binding protein, which is ubiquitous in mammalian cells and is predominantly located in the ER lumen (15) . CRT has various biological functions that are relevant to its subcellular localization, such as chaperone activity, lectin binding, Ca 2+ homeostasis regulation, cell adhesion signaling and removal of apoptotic cells (16) . Furthermore, a previous study has revealed that CRT translocation from the ER to the cell surface was the key step involved in the recognition and clearance of apoptotic cells by phagocytosis (17) . Additionally, Zeng et al (18) indicated that as a specific marker on the surface of (pre-)apoptotic cells, CRT may be recognized by DCs or other antigen presenting Calreticulin is an effective immunologic adjuvant to tumor-associated antigens cells (APCs), which may lead to the collective phagocytosis of apoptotic cells. Subsequently, within the APCs, tumor-associated antigens (TAAs) or tumor-specific antigens (TSA) may be processed, presented to cluster of differentiation (CD)4 + and CD8 + T lymphocytes and trigger a specific antitumor immune response (19, 20) . It has been hypothesized that CRT may be used as an immunologic adjuvant to translocate itself and TAA to the cell surface and induce a potent antitumor immune response.
Breast cancer is the most common cancer that causes severe cancer-related fatality in women across Europe and the USA (21) (22) (23) . In the present study, mucin 1 (MUC1), a type I transmembrane glycoprotein that is overexpressed in breast cancer cells, was used as a TAA (24, 25) . In vitro studies have demonstrated that the expression of MUC1 is involved in the invasion and resistance to genotoxic anticancer reagents, suggesting its close association with the poor prognosis of patients with breast cancer (26, 27) . Furthermore, previous results have revealed that MUC1 is a diagnostic or prognostic marker and may be a therapeutic target in breast cancer (28) .
The present study focused on the ability of CRT to promote MUC1 localization on the cell surface and the ability of MUC1-CRT-infected DCs to induce a potent specific immunological effect. The present findings may lead to an improved antitumor immunotherapy modality against breast cancer.
Materials and methods
Experimental animals. Ethical approval from the Medical Animal Care and Welfare Committee of China Three Gorges University (Yichang, China) was obtained prior to animal use in the present study. A total of 17 male BALB/c mice (18±2 g, 4-6 weeks old) were purchased from the Laboratory Animal Center of China Three Gorges University. All mice were housed in specific pathogen-free conditions, with free access to food and water. The ambient temperature was maintained at 22±2˚C with a humidity of 50-60% and a 12 h light/dark cycle. Cell culture. BALB/c mice were sacrificed with carbon dioxide (CO 2 ) and death was confirmed by cervical dislocation. Bone marrow dendritic cells (BMDCs) were flushed from the femurs and tibiae of BALB/c mice and cultured in RPMI-1640 medium with 10 ng/ml mGM-CSF and 10 ng/ml mIL-4. Following 48 h of culture in an atmosphere containing 5% CO 2 at a temperature of 37˚C, adherent cells were collected and fresh medium containing mGM-CSF (10 ng/ml) and mIL-4 (10 ng/ml) was added. Once cultured for 120 h, cells were seeded at 1x10 6 cells/ml and flow cytometry (EPICS XL-4) was performed to identify BMDCs using anti-mouse CD80-FITC, anti-mouse CD86-FITC and anti-mouse CD11c-FITC antibodies. The murine breast cancer cell line 4T1 (ATCC, Manassas, VA, USA) was maintained in our laboratory and cultured in complete media (RPMI-1640 medium supplemented with 10 mmol/l L-glutamine, 10% (v/v) heat-inactivated FBS, 100 units/ml penicillin, and 100 µg/ml streptomycin) in a humidified incubator containing 5% CO 2 at 37˚C.
Detection of MUC1-CRT subcellular localization in pre-apoptotic 4T1 cells by fluorescence microscopy.
Overlap polymerase chain reaction (PCR) was used to amplify CRT (GeneBank no. NM_007591.3), MUC1 (GeneBank no. NM_013605.2) and MUC1-CRT using primers (Table I ). The reaction mixture (25 µl) consisted of 2.5 µl of each primer, 4 µl reaction buffer, 500 µM dNTPs and 3% DMSO. Cycling conditions were as follows: 98˚C for 3 min, 37-44˚C for 3 min 20 sec, 72˚C for 3 min for two cycles, then added 2 µl of MUC1-CRT_F/R and cycled at 98˚C for 30 sec, 65˚C for 30 sec, 72˚C for 3 min, 24 times. Subsequently, CRT and MUC1 were linked to pEGFP-c1 vector to construct pEGFP-CRT, pEGFP-MUC1 and pEGFP-MUC1-CRT plasmids, respectively. Fluorescence microscopy was used to observe the subcellular localization of MUC1-CRT. 4T1 cells were seeded into 12-well culture plates (2x10 4 cells/well in 1 ml RPMI-1640 medium). pEGFP-CRT, pEGFP-MUC1 and pEGFP-MUC1-CRT were transiently transfected to 4T1 cells according to the manufacturer's protocol and treated with MIT (8 µg/ml) for 12 h. Finally, the cells were washed with PBS, enclosed in 50% glycerol (diluted in 0.01 mol/l PBS, pH 8.0) and observed by fluorescence and phase-contrast microscopy (magnification, x400; TE2000S; Nikon Corporation, Tokyo, Japan).
Detection of MUC1 and CRT in apoptotic 4T1 cells. DNA fragmentation and fluorescence microscopy were used to detect whether CRT may promote MUC1 translocation to the cell surface of apoptotic 4T1 cells and whether CRT and MUC1 jointly promote a phagocytic signal in apoptotic 4T1 cells, which were induced by MIT. DNA fragmentation assay was performed as described by Cao et al (29) , and non-treated cells were used as negative control. pEGFP-CRT, pEGFP-MUC1 and pEGFP-MUC1-CRT were transiently transfected into 4T1 cells and treated with MIT (10 µg/ml) for 24 h. The supernatant of lysed cells was extracted to precipitate DNA fragments and loaded onto a 2% (w/v) agarose gel for electrophoresis, and the results were visualized using a GEL-doc™ XR+System (Bio-Rad Laboratories, Inc., Hercules, CA, USA). O' Gene Ruler 1 kb plus DNA ladder and Gel red (Thermo Fisher Scientific, Inc.) were used. Fluorescence microscopy was conducted to detect whether the apoptotic behavior observed was dose and/or time-dependent. pEGFP-MUC1-CRT was transiently transfected into 4T1 cells and treated with MIT (0, 2, 4 or 8 µg/ml) for 12 or 24 h, respectively, cells were washed with PBS, enclosed in 50% glycerol (diluted in 0.01 mol/l PBS, pH 8.0) and were observed by fluorescence and phase-contrast microscopy (magnification, x400; TE2000S; Nikon Corporation).
T cell proliferation in MUC1-CRT-infected BMDCs.
BMDCs were seeded onto 12-well culture plates (1x10 4 cells/well in 1 ml RPMI-1640 medium) in triplicate and infected with adenoviruses (multiplicity of infection, 100) containing MUC1 and MUC1-CRT, respectively. Successful infection was verified by reverse transcription-quantitative PCR (RT-qPCR) using the primers listed in Table I . In brief, RNA were extracted from BMDCs with TRLzol according to the manufacturer's protocol (Thermo Fisher Scientific, Inc.) and used as a template. A total of 1 ng/µl RNA and 1 µl oligodT was used for RT, and incubated in an Opticn2 Thermal Cycler (MJ Research Inc., St. Bruno, Canada) at 65˚C for 5 min. The final reaction volume (20 µl) comprised 8 µl 5X reaction buffer, 10 mM dNTP Mix, RevertAid and RiboLock RNAase inhibitor mixture (Thermo Fisher Scientific, Inc.; cat. no. K1691). The cycling conditions were as follows: 1 h at 42˚C, 5 min at 70˚C. qPCR was performed with SYBR PrimeScript kit (RR086A; Takara Bio, Inc., Otsu, Japan) using the Opticn2 Thermal Cycler. Primers used for amplifying MUC1 were MUC1-q_F/R and primers for GAPDH were GAPDH-q_F/R (Table I ). The PCR cycling conditions were as follows: 95˚C for 5 min, 94˚C for 30 sec, 60˚C for 30 sec, 72˚C for 30 sec, 78˚C for 1 sec for 30 cycles and a final extension at 72˚C for 10 min. Expressions were quantified using the 2 -ΔΔCq method (30). Splenocytes were harvested and single cell suspensions were prepared and co-incubated with lentivirus-infected BMDCs at 37˚C in an atmosphere containing 5% CO 2 for 72 h. The cell suspension was subsequently centrifuged at 400 x g for 5 min at 4˚C. The supernatant was discarded and the pellet washed 3 times with PBS. The pellet was resuspended in flow cytometry staining buffer (eBioscience, Inc.; cat. no. 00-4222-26) so that the final cell concentration was 1x10 7 cells/ml. CD3 + /CD4 + /CD8 + T cells were detected by flow cytometry using anti-CD3-PerCP, anti-CD4-Pacific Blue and anti-CD8-Alexa Fluor 700 antibodies (all 1:1,000), and non-treated cells were used as negative control. Briefly, cells were resuspended in 1 ml PBS with formaldehyde in a final concentration of 4%, fixed for 10 min at 37˚C, and washed twice with PBS. Cells were blocked with blocking IgG (1:100; eBioscience, Inc.; cat. no. 14-9161-73) at 4˚C for 15 min, and antibodies and flow cytometry staining buffer were added to cells, mixed gently and incubated for 30 min on ice in the dark. The cells were washed twice in flow cytometry staining buffer and centrifuged at 400 x g for 5 min at room temperature. Cells were subsequently re-suspended in 300 µl flow cytometry staining buffer and detected by BD LSR II flow cytometer (BD Biosciences, Franklin Lakes, NJ, USA), and results were analyzed by FlowJo 10.7 (FlowJo, LLC, Ashland, OR, USA).
Cytokine production induced by MUC1-CRT-infected
BMDCs. For the measurement of cytokine production, splenic lymphocytes were separated and collected by lymphocyte separation medium (eBiscience, Inc.) according to the manufacturer's protocol. Cells were washed with PBS, and enclosed in 50% glycerol (diluted in 0.01 mol/l PBS, pH 8.0). Purification was verified by light field microscopy at x400 magnification. BMDCs were infected with adenoviruses as outlined previously and co-incubated with lymphocytes at 37˚C in 5% CO 2 for 72 h. Culture supernatants (100 µl/well) were used to analyze IFN-γ and TNF-α levels using the respective ELISA kits (Wuhan Boshide Biological Engineering Company, Ltd., Wuhan, China; cat. no. BMS233 and 740001) in accordance with the manufacturer's protocol. Non-treated cells were used as control, and cells treated with mock vehicle were used as null control (Nco). 
The restriction size is underlined. F, forward; R, reverse; q, quantitative polymerase chain reaction; MUC1, mucin; CRT, calreticulin.
Statistical analysis. All data were presented as mean ± standard deviation. Statistical analysis was assessed between groups using the Student's two-tailed t-test. P<0.05 was considered to indicate a statistically significant difference.
Results
Plasmid construction. Overlap PCR was used to amplify CRT, MUC1 and MUC1-CRT using the primers listed in Table I , which yielded 1,200, 60 and 1,275 bp fragments, respectively. Each fragment was linked to the pEGFP-c1 vector to construct pEGFP-CRT, pEGFP-MUC1 and pEGFP-MUC1-CRT plasmids, which produced fragments 5,916, 4,776 and 5,991 bp, respectively (data not shown).
CRT promotes MUC1 to translocate to the cell surface of pre-apoptotic 4T1 cells. In order to determine whether CRT was able to promote MUC1 localization on the cell surface of 4T1 cells, fluorescence and phase-contrast microscopy was performed. pEGFP-CRT, pEGFP-MUC1 and pEGFP-MUC1-CRT were constructed, transiently transfected into 4T1 cells, treated with MIT (8 µg/ml) for 12 h and analyzed using fluorescence and phase-contrast microscopy.
As indicated by the green fluorescence distribution in Fig. 1 , the subcellular localization of MUC1-CRT and CRT was similar and they were observed to be primarily localized in the cell cytoplasm of pre-apoptotic 4T1 cells. Furthermore, no obvious morphological changes were exhibited. Additionally, MUC1 appeared to be localized in cytoplasm and nuclei. Previous studies have indicated that the antitumor agent, MIT, may induce apoptosis in murine CT-26 and B16-F1 cells and translocation of CRT from the ER to the cell surface (11, 29) . The present results suggested that CRT has the ability to translocate itself and MUC1 to the surface of 4T1 cells.
MUC1-CRT-coated 4T1 cells induce a potent apoptosis signal.
In order to detect whether CRT is able to associate with TAA to induce a potent apoptotic signal, fluorescence microscopy analysis and DNA fragmentation assay were performed. DNA fragmentation assay demonstrated that, following treatment with MIT (10 µg/ml) for 24 h, typical DNA ladders for apoptosis were observed in the 4T1 control cells and the pEGFP-MUC1 cells. Conversely, the intensity of the DNA ladder was increased in MUC1-CRT-transfected 4T1 cells and pEGFP-MUC1-CRT cells (Fig. 2) . Furthermore, pEGFP-MUC1-CRT was transiently transfected into 4T1 cells and treated with MIT (0, 2, 4 or 8 µg/ml) for 12 and 24 h, respectively. The results indicated that MUC1-CRT transfected 4T1 cells exhibited increased apoptotic bodies in a MIT dose-and time-dependent manner (Fig. 3) . Both of these results suggest that CRT was able to work with MUC1 as a phagocytic signal on the surface of apoptotic 4T1 cells to induce apoptosis.
MUC1-CRT-infected BMDCs are able to induce an immunological effect.
BMDCs caused marked T cell proliferation as a function of the ratio. In the present study, BMDCs were flushed and subsequently cultured. Purification was detected by flow cytometry using anti-mouse CD80-FITC, anti-mouse CD86-FITC and anti-mouse CD11c-FITC antibodies (data not shown). Adenoviruses containing MUC1-CRT and MUC1 were used to infect splenocytes and infection was verified by qPCR (data not shown) with the primers listed in Table I . As indicated in Fig. 4 , MUC1-CRT-infected BMDCs exhibited 37.1% CD3 + T cells and 41.1% CD8 + T cells, whereas MUC1-infected BMDCs exhibited a significantly decreased number of viable CD3 + T cells (17.5%; P<0.001) and CD8 + T cells (31.0%; P<0.05), which suggested that MUC1-CRT-infected BMDCs induced increased T cell proliferation and antitumor immunity. IFN-γ and TNF-α are critical cytokines for tumor control (31) . IFN-γ is produced predominantly by natural killer (NK) cells, whereas TNF-α is produced primarily by macrophages (32) . As part of the innate immune response, IFN-γ and TNF-α may be produced by CD4 + T cells once antigen-specific immunity has developed (33) . To validate whether MUC1-CRT-infected BMDCs increased the production of IFN-γ and TNF-α by immune cells, the levels of IFN-γ and TNF-α in culture supernatant were determined by ELISA. MUC1-CRT-infected BMDCs exhibited significantly increased levels of IFN-γ (951 pg/ml) when compared with MUC1-infected BMDCs (732 pg/ml; P<0.05; Fig. 5A ). Furthermore, MUC1-CRT-infected BMDCs exhibited significantly increased levels of TNF-α (1,388 pg/ml) when compared with MUC1-infected BMDCs (1,169 pg/ml; P<0.05; Fig. 5B ). The results suggest that MUC1-CRT-infected BMDCs induced the production of cytokines. Furthermore, these findings indicated that MUC1-CRT-infected BMDCs induced a potent immunological effect.
Discussion
The majority of recent cancer treatment modalities aim to destroy tumor cells directly or indirectly. Since failure of the cancer immune-surveillance function in the host immune system is thought to give rise to multiple, if not all cancer types (34) (35) (36) , partial or complete restoration of the immune-surveillance function may prove to be one of the most promising approaches for cancer immunotherapy.
DCs are important immune cells for uptaking, processing and presenting tumor antigens and DC-based vaccines are an attractive approach to treat cancer (37) (38) (39) . Clinical trials have provided evidence that DC vaccines are able to elicit immunological responses; however, few complete tumor remissions have been reported (40) . In order to improve the efficacy of DC vaccines, restoring or stimulating the immune response of the body against cancer may be an effective approach.
Previous studies have demonstrated that MIT is able to induce apoptosis in CT-26 and B16-F1 cells and promote CRT membrane translocation to the cell surface and aggregation (11, 29) . A recent report indicated the same phenomenon in fungi cells. Moreover, a previous study indicated that MIT stimulated the relocation of CRT in human and yeast cells, suggesting that the CRT pathway is phylogenetically Fluorescence microscopy analysis of the apoptotic behavior of CRT-MUC1-coated 4T1 cells. pEGFP-MUC1-CRT was transiently transfected into 4T1 cells and treated with (A) 0 µg/ml, (B) 2 µg/ml, (C) 4 µg/ml and (D) 8 µg/ml mitoxantrone for 12 h, or with (E) 0 µg/ml, (F) 2 µg/ml, (G) 4 µg/ml and (H) 8 µg/ml mitoxantrone for 24 h and the results were observed by fluorescence microscopy. Fluorescence microscopy was used to detect that the apoptotic behavior of CRT-MUC1-coated 4T1 cells treated with mitoxantrone was dose-and time-dependent. Magnification, x400. MUC1, mucin 1; CRT, calreticulin.
conserved (41) . MIT is a derivative of anthracyclines, which were believed to be the only agents that cause CRT cell surface localization (42) . In 2014, Sukkurwala et al (41) demonstrated that tumor cells treated with platinum compounds combined with C-X-C motif chemokine ligand 8 were able to stimulate relocation of CRT. Similarly, in the present study, treatment with MIT (8 µg/ml) induced CRT localization to the cell surface. Notably, CRT was also able to promote MUC1 translocation to the cell surface and jointly act as an apoptotic signal to induce a potent apoptosis reaction. The exposure of MUC1-CRT on the surface of cancer cells facilitates their uptake by DCs and the subsequent presentation of TAAs to T cells.
Previous findings have identified that CRT-coated apoptotic cells may be used as an antigen to inoculate mice and elicit a specific antitumor effect against homogeneous tumor cells ( [43] [44] [45] , suggesting the potential importance of CRT cell surface localization in mediating an antitumor immune response. T cell immunity is initiated by the interaction of naive T cells with DCs and mature DCs are potent T cell stimulators (46) . Furthermore, T cell proliferation is a critical step in the induction of the immune response. In the present study, the ability of BMDCs to induce T cell proliferation was investigated and the results indicated that MUC1-CRT-infected BMDCs exhibited a significantly increased number of CD3 + and CD8 + T cells compared with MUC1-infected BMDCs, suggesting that MUC1-CRT-infected BMDCs were therefore able to potentiate functional proliferation of T cells efficiently. ELISA assay results indicated that the levels of IFN-γ and TNF-α were significantly increased in MUC1-CRT-infected BMDCs when compared with MUC1-infected BMDCs. Previous results have indicated that IFN-γ and TNF-α are essential immune effectors released by activated immunocytes (32, 33, 47) . Therefore, the supernatant concentration of IFN-γ and TNF-α may indirectly represent the active extent of the immune system in vivo.
To conclude, the findings of the present study indicated that CRT may promote CRT-mediated antitumor immunity by acting as an immunological adjuvant and associating with MUC1 to induce potent immunogenicity. Overall, the present results indicated a novel role for CRT in mediating antitumor immunity and provide a novel concept and approach for tumor immune prevention and treatment. 
